Electrical heating of the graphite die and punch assembly is a unique feature of the spark plasma sintering (SPS) process. The high currents needed to heat the die, despite its low resistance, can produce an electric field across the ceramic specimens that may be enough to induce field assisted sintering. Despite the large number of publications of SPS, the electric field intensity has not been accounted in previous investigations. A FEM model is employed to quantify the magnitude of electric field applied during sintering across zirconia sample. We show that the electric field depends most critically on the ratio of the outer and inner diameter of the die. We also report that the intensity of the electric field across the sintering sample is significantly affected by duty cycle of the pulsed current.
Introduction
Enhanced consolidation of metallic powders in SPS has been visualized in terms of an abrupt constriction of the current at the particleparticle contacts. 1) However, electric field in SPS is also believed to enhance the sintering of ceramics, which are typically poor conductors of electricity.
2) Unfortunately there has been insufficient effort in the literature to correlate electric field intensity of SPS to other techniques where electric fields are applied to sintering samples. 3) Recent experiments where the influence of an electrical field on the sintering of ceramics has been investigated by applying the field directly to the specimen with two electrodes in a conventional furnace, can provide insights into the SPS densification mechanism. An example of such an experiment with 8 mol % yttria stabilized (cubic) zirconia, 3) is shown in Fig. 1 . In these experiments the field is applied to the specimen, and then, the furnace is heated at a constant rate (10°C min
¹1
). The linear shrinkage at different levels of applied fields is shown on the left, and the corresponding change in the conductivity of the specimen is given on the right. The sintering response falls into two regimes marked as Type A and Type B. The difference between them is most clearly seen in the electrical response. In Type B, the sudden onset of sintering is accompanied by an equally abrupt, highly non-linear increase in the conductivity of the specimen; we have called this flash-sintering. In the other case, Type A, there is an enhancement in the sintering rate but without the abrupt increase in conductivity; this increase in sinterability has been satisfactorily explained in terms of the reduced rate of grain growth under weak electrical fields.
4),5)
In SPS experiments attention is given to the current density rather than to the strength of the electrical field. The present work aim to quantify the typical electric field applied across the SPS sintering zirconia sample and to understand whether its intensity might promote field assisted sintering mechanism 6)8) as in the case of flash sintering.
3) Zirconia is selected as reference system since there are significant number of publications on SPS and flash sintering processing, thus, allowing a better understanding of the possible sintering mechanism activated by an electric field.
Analysis
The FEM modeling details can be found in references.
12),13)
The model takes into the temperature dependent thermo-physical properties of the employed graphite ISO-63 and zirconia samples 3Y-TZP. The current intensity employed in the simulation was taken from sintering experiment of 2 cm diameter and 1.5 mm height 3Y-TZP samples carried on a spark plasma sintering machine (SPS-FCT 1020, Germany). The mould thickness was about 10 mm thick and the mould height was 48 mm, the inner and outer diameters of the mould were 20.7 and the 40 mm respectively. The punch length was 35 mm while its diameter was 20 mm. The effect the die wall thickness was simulated for thickness of 10, 5, and 2.5 mm. In the simulation the SPS power was adjusted in order compare the electric field across the 3Y-TZP samples for the given sintering temperature of 1300°C
Results and discussion
The FEM modeling results of temperature distribution (a), voltage drop (b) and electric current density (c) in the SPS diepunch assembly are shown in Fig. 2 . As shown in Fig. 2(a) homogenous temperature distribution is generated during dwelling. The sintering temperature was 1300°C probed by the top pyrometer was in good agreement with the simulated one. The voltage drop in the experiments is around 3.2 V and it is affected by the contact resistances [ Fig. 2(b) ]. The magnitude of the contact resistance can depend on the pressure applied to the punch. The effect of pressure on the contact resistance has been discussed by Grasso et al., 9) and identified experimentally by Anselmi-Tamburini et al. 10) Since the electrical conductivity of 3Y-TZP and 8YSZ is at least 4 order of magnitude lower than the graphite at the sintering temperature, most of the current flows around the samples as confirmed in Fig. 2(c) . The model suggest that in the case of materials with electrical conductivity at least 2 or 3 order of magnitude less conductive than graphite, the electrical field distribution is similar to the one shown on Fig. 3 .
The DC electric field distribution (die thickness 10 mm) across the 3Y-TZP sample during dwelling at 1300°C is shown in Fig. 3(a) . The respective sintering parameter i.e. temperature, voltage current density are shown in Fig. 2 . As shown in Fig. 3(a) the electric field across the sample is not homogeneous and at sample mid-thickness it decrease along the sample radius from 1.3 to 0.4 V/cm, however more than 80% of the sample volume is sintered under electric field exceeding 0.8 V/cm. The highest electric field is observed at the sample corner 1.45 V/cm where field intensification effect exists due the presence of edges.
As shown in Fig. 3 by decreasing the thickness of the mould down to 5 and 2.5 mm corresponded to a significant increase in the electric field across the sample. Regardless the thickness of the mould, analogous electric field distribution is confirmed for the three die thickness. Depending on the die thickness of 10, 5 and 2.5 mm, along the sample radius at its mid-thickness the highest electric fields were 1.3, 2 and 2.9 V/cm while the lowest fields were 0.4, 0.65 and 1 V/cm.
Another parameter which might affect the electric field is the current waveform. 11)13) The effect of current waveform has been discussed widely in literature 2),9) but it has not been so far correlated to the intensity of the electric field across the sintering sample. The current waveform can be assimilated to pulsed DC.
11) For a given electric power dissipation which corresponds to given sintering temperature, the peak current is calculated according by the equation: When the off time is larger than 0 ms the IF is larger than 1 thus resulting in intensification of the current. Since the electric field is proportional to the current, it is amplified by a factor equal to IF. For example Fuji Electronic Industrial Co., Ltd. (JP) (previously known as SPS Syntex Inc.) employs 3.3 ms pulse, each period waveform if 12 pulses on 2 pulses off. The current waveform is given in Fig. 11 of Ref. 12). More recently FCT Systeme GmbH (DE) employed DC pulses type 10 on 5 off. 10) The preset IF for the two SPS manufacturer are roughly 1.2 1.4 and 1.2, however it is hard to correctly quantify the IF for the SPS apparatuses, and conclude which apparatus promotes electric field effects. SPS current waveform can be arbitrarily adjusted on most of the commercial available SPS devices. If the on/off time are 1/1, 1/2 and 1/10 the IF raises to 1.41, 1.73 and 3.32 respectively. It is clear from this simplified analysis that the maximum electric field is increases by extending the off time duration.
Considering the common SPS sintering practice i.e. die thickness 10 mm and pulsed current 10 on 5 ms off, the maximum electric field is of the order of 1.7 V/cm. By decreasing the die wall down to 5 mm setting on off time both to 1 ms, the maximum electric field is raised up to 3.1 V/cm. Similarly, electric field might be progressively increased by decreasing die wall thickness and/or extending off time of the pulsed current. As reported by Conrad and Yang, electric fields as low as 1 V/cm can noticeably promote densification and retard grain growth in 3Y-TZP. 5) These results have been also confirmed by Ghost et al., they reported a huge effect of weak dc electrical fields on grain growth inhibition in 3Y-TZP.
4)

Conclusions
A FEM simulation was developed to quantify the electric field intensity. The model is an useful tools to predict the changes of electric field across the sample for different punch die geometry as well as function of pulsing current waveform. The model is also helpful to design punch die assembly to control the electric field applied on the sintering sample. The most important result from this article is that the electric field across the sample can be significantly increased by decreasing die wall thickness or extending off time of the DC pulsed current. By correlating the literature on flash sintering to SPS one, the electric field generated by SPS might be sufficient to promote grain growth retardation while promoting densification as reported in flash sintering experiments. Grasso et al.: Electric field in SPS: geometry and pulsed current effects
